Introduction {#Sec1}
============

The study of hadron production has a long history in high-energy particle and nuclear physics, as well as in cosmic-ray physics. The absolute yields and the transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$) spectra of identified hadrons in high-energy hadron--hadron collisions are among the most basic physical observables. They can be used to test the predictions for non-perturbative quantum chromodynamics (QCD) processes like hadronization and soft-parton interactions, and the validity of their implementation in Monte Carlo (MC) event generators. Spectra of identified particles in proton--nucleus collisions also constitute an important reference for studies of high-energy heavy-ion collisions, where final-state effects are known to modify the spectral shape and yields of different hadron species \[[@CR1]--[@CR7]\].

The present analysis focuses on the measurement of the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} $$\end{document}$ spectra of charged hadrons, identified mostly via their energy deposits in silicon detectors, in pPb collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$. The analysis procedures are similar to those previously used in the measurement of pion, kaon, and proton production in pp collisions at several center-of-mass energies \[[@CR8]\]. Results on $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {p}$$\end{document}$ production in pPb collisions have been also reported by the ALICE Collaboration \[[@CR9]\].

A detailed description of the CMS (Compact Muon Solenoid) detector can be found in Ref. \[[@CR10]\]. The CMS experiment uses a right-handed coordinate system, with the origin at the nominal interaction point (IP) and the $\documentclass[12pt]{minimal}
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                \begin{document}$$z$$\end{document}$ axis along the counterclockwise-beam direction. The pseudorapidity $\documentclass[12pt]{minimal}
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                \begin{document}$$y$$\end{document}$ of a particle (in the laboratory frame) with energy $\documentclass[12pt]{minimal}
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                \begin{document}$$E$$\end{document}$, momentum $\documentclass[12pt]{minimal}
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                \begin{document}$$p$$\end{document}$, and momentum along the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_z$$\end{document}$ are defined as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta = -\ln [\tan (\theta /2)]$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta $$\end{document}$ is the polar angle with respect to the $\documentclass[12pt]{minimal}
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                \begin{document}$$y = \frac{1}{2}\ln [(E+p_z)/(E-p_z)]$$\end{document}$, respectively. The central feature of the CMS apparatus is a superconducting solenoid of 6$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {m}$$\end{document}$ internal diameter. Within the 3.8 T field volume are the silicon pixel and strip tracker, the crystal electromagnetic calorimeter, and the brass/scintillator hadron calorimeter. The tracker measures charged particles within the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.4$$\end{document}$. It has 1440 silicon pixel and 15 148 silicon strip detector modules, ordered in 13 tracking layers in the $\documentclass[12pt]{minimal}
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                \begin{document}$$y$$\end{document}$ region studied here. In addition to the barrel and endcap detectors, CMS has extensive forward calorimetry. Steel/quartz-fiber forward calorimeters (HF) cover $\documentclass[12pt]{minimal}
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                \begin{document}$$3 < |\eta | < 5$$\end{document}$. Beam Pick-up Timing for the eXperiments (BPTX) devices were used to trigger the detector readout. They are located around the beam pipe at a distance of 175$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {m}$$\end{document}$ from the IP on either side, and are designed to provide precise information on the Large Hadron Collider (LHC) bunch structure and timing of the incoming beams.

The reconstruction of charged particles in CMS is bounded by the acceptance of the tracker ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < $$\end{document}$ 2.4) and by the decreasing tracking efficiency at low momentum (greater than about 60 % for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {p}$$\end{document}$, respectively). Particle identification capabilities using specific ionization are restricted to $\documentclass[12pt]{minimal}
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                \begin{document}$$p < 0.15{\,\text {GeV/}c} $$\end{document}$ for electrons, $\documentclass[12pt]{minimal}
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                \begin{document}$$p < 1.70{\,\text {GeV/}c} $$\end{document}$ for protons. Pions are identified up to a higher momentum than kaons because of their high relative abundance. In view of the $\documentclass[12pt]{minimal}
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                \begin{document}$$(y,p_{\mathrm {T}})$$\end{document}$ regions where pions, kaons, and protons can all be identified ($\documentclass[12pt]{minimal}
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                \begin{document}$$p = p_{\mathrm {T}} \cosh y$$\end{document}$), the band $\documentclass[12pt]{minimal}
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                \begin{document}$$-1 < y < 1$$\end{document}$ (in the laboratory frame) was chosen for this measurement, since it is a good compromise between the $\documentclass[12pt]{minimal}
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In this paper, comparisons are made to predictions from three MC event generators. The [Hijing]{.smallcaps} \[[@CR11]\] event generator is based on a two-component model for hadron production in high-energy nucleon and nuclear collisions. Hard parton scatterings are assumed to be described by perturbative QCD and soft interactions are approximated by string excitations with an effective cross section. In version 2.1 \[[@CR12]\], in addition to modification of initial parton distributions, multiple scatterings inside a nucleus lead to transverse momentum broadening of both initial and final-state partons. This is responsible for the enhancement of intermediate-$\documentclass[12pt]{minimal}
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                \begin{document}$${\,\text {GeV/}c}$$\end{document}$) hadron spectra in proton--nucleus collisions, with respect to the properly scaled spectra of proton--proton collisions (Cronin effect). The [Ampt]{.smallcaps} \[[@CR13]\] event generator is a multi-phase transport model. It starts from the same initial conditions as [Hijing]{.smallcaps}, contains a partonic transport phase, the description of the bulk hadronization, and finally a hadronic rescattering phase. These processes lead to hydrodynamic-like effects in simulated nucleus--nucleus collisions, but not necessarily in proton--nucleus collisions. The latest available version (1.26/2.26) is used. The [Epos]{.smallcaps} \[[@CR14]\] event generator uses a quantum mechanical multiple scattering approach based on partons and strings, where cross sections and particle production are calculated consistently, taking into account energy conservation in both cases. Nuclear effects related to transverse momentum broadening, parton saturation, and screening have been introduced. The model can be used both for extensive air shower simulations and accelerator physics. [Epos Lhc]{.smallcaps} \[[@CR15]\] is an improvement of version 1.99 (v3400) and contains a three-dimensional viscous event-by-event hydrodynamic treatment. This is a major difference with respect to the [Hijing]{.smallcaps} and [Ampt]{.smallcaps} models for proton--nucleus collisions.

Data analysis {#Sec2}
=============

The data were taken in September 2012 during a 4-h-long pPb run with very low probability of multiple interactions (0.15 % "pileup"). A total of 2.0 million collisions were collected, corresponding to an integrated luminosity of approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {TeV}$$\end{document}$ per nucleon for lead nuclei, resulting in a center-of-mass energy per nucleon pair of $\documentclass[12pt]{minimal}
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The event selection consisted of the following requirements:at the trigger level, the coincidence of signals from both BPTX devices, indicating the presence of both proton and lead bunches crossing the interaction point; in addition, at least one track with $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {GeV}$$\end{document}$ in each of the HF calorimeters; at least one reconstructed interaction vertex; beam-halo and beam-induced background events, which usually produce an anomalously large number of pixel hits \[[@CR16]\], are suppressed.The efficiencies for event selection, tracking, and vertexing were evaluated using simulated event samples produced with the [Hijing]{.smallcaps} 2.1 MC event generator, where the CMS detector response simulation was based on [Geant4]{.smallcaps} \[[@CR17]\]. Simulated events were reconstructed in the same way as collision data events. The final results were corrected to a particle level selection applied to the direct MC output, which is very similar to the data selection described above: at least one particle (proper lifetime $\documentclass[12pt]{minimal}
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                \begin{document}$$3 < \eta <5$$\end{document}$; this selection is referred to in the following as the "double-sided" (DS) selection. These requirements are expected to suppress single-diffractive collisions in both the data and MC samples. From the MC event generators studied in this paper, the DS selection efficiency for inelastic, hadronic collisions is found to be 94--97 %.

The simulated ratio of the data selection efficiency to the DS selection efficiency is shown as a function of the reconstructed track multiplicity in the top panel of Fig. [1](#Fig1){ref-type="fig"}. The ratio is used to correct the measured events. The results are also corrected for the fraction of DS events without a reconstructed track. This fraction, as given by the simulation, is about 0.1 %.Fig. 1*Top* the ratio of selected events to double-sided (DS) events (ratio of the corresponding efficiencies in the inelastic sample), according to [Epos Lhc]{.smallcaps} and [Hijing]{.smallcaps} MC simulations, as a function of the reconstructed primary charged-particle multiplicity. *Bottom* acceptance, tracking efficiency (*left* scale), and misreconstructed-track rate (*right* scale) in the range $\documentclass[12pt]{minimal}
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The extrapolation of particle spectra into the unmeasured $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}} \approx 0.1{\,\text {GeV/}c} $$\end{document}$ by exploiting special tracking algorithms \[[@CR18]\], used in previous studies \[[@CR8], [@CR16], [@CR19]\], to provide high reconstruction efficiency and low background rate. The charged-pion mass was assumed when fitting particle momenta.
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                \begin{document}$$C_\mathrm{a}$$\end{document}$) is defined as the fraction of primary charged particles leaving at least two hits in the pixel detector. It is flat in the region $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$-2 < \eta < 2$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\mathrm {T}} > 0.4{\,\text {GeV/}c} $$\end{document}$, and its value is 96--98 % (Fig. [1](#Fig1){ref-type="fig"}, bottom panel). The loss of acceptance at $\documentclass[12pt]{minimal}
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The region where pPb collisions occur (beam spot) is measured by reconstructing vertices from many events. Since the bunches are very narrow in the transverse direction, the $\documentclass[12pt]{minimal}
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Estimation of energy loss rate and yield extraction {#Sec3}
===================================================

In this paper an analytical parametrization \[[@CR21]\] has been used to approximate the energy loss of charged particles in the silicon detectors. The method provides the probability density $\documentclass[12pt]{minimal}
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For pixel clusters, the energy deposits were calculated as the sum of individual pixel deposits. In the case of strips, the energy deposits were corrected for capacitive coupling and cross-talk between neighboring strips. The readout threshold, the coupling parameter, and the standard deviation of the Gaussian noise for strips were determined from data, using tracks with close-to-normal incidence.

For an accurate determination of $\documentclass[12pt]{minimal}
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Low-momentum particles can be identified unambiguously and can therefore be counted. Conversely, at high momentum, the $\documentclass[12pt]{minimal}
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The statistical uncertainties for the extracted yields are given by the fits. The observed local variations of parameters in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(\eta ,p_{\mathrm {T}})$$\end{document}$ plane for track-level corrections cannot be attributed to statistical fluctuations and indicate that the average systematic uncertainties in the scale factors and shifts are about $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$10^{-2}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2 \times 10^{-3}$$\end{document}$, respectively. These scale factors and shifts agree with those seen in the high-purity samples to well within a factor of two. The systematic uncertainties in the yields in each bin were obtained by refitting the histograms with the parameters changed by these amounts.

Corrections and systematic uncertainties {#Sec4}
========================================
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The systematic uncertainties are very similar to those in Ref. \[[@CR8]\] and are summarized in Table [1](#Tab1){ref-type="table"}. The uncertainties of the corrections related to the event selection and pileup are fully or mostly correlated and were treated as normalization uncertainties: 3.0 % uncertainty on the yields and 1.0 % on the average $\documentclass[12pt]{minimal}
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The tracker acceptance and the track reconstruction efficiency generally have small uncertainties (1 and 3 %, respectively), but change rapidly at very low $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\mathrm {T}}$$\end{document}$ (bottom panel of Fig. [1](#Fig1){ref-type="fig"}), leading to a 6 % uncertainty on the yields in that range. For the multiple-track and misreconstructed-track rate corrections, the uncertainty is assumed to be 50 % of the correction, while for the case of the correction for secondary particles it was estimated to be 20 %. These mostly uncorrelated uncertainties are due to the imperfect modeling of the detector: regions with mismodeled efficiency in the tracker, alignment uncertainties, and channel-by-channel varying hit efficiency. These circumstances can change frequently in momentum space, so can be treated as uncorrelated.

The systematic uncertainties originating from the unfolding procedure were studied. Since the $\documentclass[12pt]{minimal}
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Results {#Sec5}
=======

In previously published measurements of unidentified and identified particle spectra \[[@CR16], [@CR24]\], the following form of the Tsallis--Pareto-type distribution \[[@CR25], [@CR26]\] was fitted to the data:$$\documentclass[12pt]{minimal}
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Inclusive measurements {#Sec6}
----------------------

The transverse momentum distributions of positively and negatively charged hadrons (pions, kaons, protons) are shown in Fig. [3](#Fig3){ref-type="fig"}, along with the results of the fits to the Tsallis--Pareto parametrization (Eqs. ([3](#Equ3){ref-type=""}) and ([5](#Equ5){ref-type=""})). The fits are of good quality with $\documentclass[12pt]{minimal}
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Ratios of particle yields as a function of the transverse momentum are plotted in Fig. [5](#Fig5){ref-type="fig"}. While the $\documentclass[12pt]{minimal}
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Multiplicity dependent measurements {#Sec7}
-----------------------------------

A study of the dependence on track multiplicity is motivated partly by the intriguing hadron correlations measured in pp and pPb collisions at high track multiplicities \[[@CR28]--[@CR31]\], suggesting possible collective effects in "central" pp and pPb collisions at the LHC. At the same time, it was seen that in pp collisions the characteristics of particle production ($\documentclass[12pt]{minimal}
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                \begin{document}$$\langle p_{\mathrm {T}} \rangle $$\end{document}$, ratios) at LHC energies are strongly correlated with event particle multiplicity rather than with the center-of-mass energy of the collision \[[@CR8]\]. The strong dependence on multiplicity (or centrality) was also seen in dAu collisions at RHIC \[[@CR6], [@CR7]\]. In addition, the multiplicity dependence of particle yield ratios is sensitive to various final-state effects (hadronization, color reconnection, collective flow) implemented in MC models used in collider and cosmic-ray physics \[[@CR32]\].
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Transverse-momentum distributions of identified charged hadrons, normalized such that the fit integral is unity, in selected multiplicity classes for $\documentclass[12pt]{minimal}
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The ratios of particle yields are displayed as a function of track multiplicity in Fig. [7](#Fig7){ref-type="fig"}. The $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {K}/{\pi }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {p}/{\pi }$$\end{document}$ ratios are flat, or slightly rising, as a function of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle N_\mathrm{tracks} \rangle $$\end{document}$. While none of the models is able to precisely reproduce the track multiplicity dependence, the best and worst matches to the overall scale are given by [Epos Lhc]{.smallcaps} and [Hijing]{.smallcaps}, respectively. The ratios of yields of oppositely charged particles are independent of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle N_\mathrm{tracks} \rangle $$\end{document}$ as shown in the bottom panel of Fig. [7](#Fig7){ref-type="fig"}. The average transverse momentum $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle p_{\mathrm {T}} \rangle $$\end{document}$ is shown as a function of multiplicity in Fig. [8](#Fig8){ref-type="fig"}. As expected from the discrepancies between theory and data shown in Fig. [4](#Fig4){ref-type="fig"}, [Epos Lhc]{.smallcaps} again gives a reasonable description, while the other event generators presented here underpredict the measured values. For the dependence of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T$$\end{document}$ on multiplicity (not shown), the predictions match the pion data well; the kaon and proton values are much higher than in [Ampt]{.smallcaps} or [Hijing]{.smallcaps}.

Comparisons to pp and PbPb data {#Sec8}
-------------------------------

The comparison with pp data taken at various center-of-mass energies (0.9, 2.76, and 7$\documentclass[12pt]{minimal}
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The transverse momentum spectra could also be successfully fitted ($\documentclass[12pt]{minimal}
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Conclusions {#Sec9}
===========

Measurements of identified charged hadron spectra produced in pPb collisions at $\documentclass[12pt]{minimal}
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The results can be used to further constrain models of hadron production and contribute to the understanding of basic non-perturbative dynamics in hadron collisions. The [Epos Lhc]{.smallcaps} event generator reproduces several features of the measured distributions, a significant improvement from the previous version, attributed to a new viscous hydrodynamic treatment of the produced particles. Other studied generators ([Ampt]{.smallcaps}, [Hijing]{.smallcaps}) predict steeper $\documentclass[12pt]{minimal}
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Combined with similar results from pp collisions, the track multiplicity dependence of the average transverse momentum and particle ratios indicate that particle production at LHC energies is strongly correlated with event particle multiplicity in both pp and pPb interactions. For low track multiplicity, pPb collisions appear similar to pp collisions. At high multiplicities, the average $\documentclass[12pt]{minimal}
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